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Edited by Judit Ova´diAbstract Gelsolin is an actin-binding protein that is regulated
by the occupancy of multiple calcium-binding sites. We have
studied calcium induced conformational changes in the G1–2
and G1–3 sub-domains, and report the binding aﬃnities for the
three type II sites. A new probe for G3 has been produced and
a Kd of 5 lM has been measured for calcium in the context of
G1–3. The two halves of gelsolin, G1–3 and G4–6 bind weakly
with or without calcium, suggesting that once separated by apop-
totic proteolysis, G1–3 and G4–6 remain apart allowing G1–3 to
sever actin in a calcium free manner.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Apoptosis1. Introduction
Gelsolin belongs to a group of actin-binding proteins that
are composed of gelsolin-like repeats, these include, adseverin,
severin, villin, and capG (reviewed [1]). Gelsolin is composed
of six of these similarly folded repeats (G1–6) that in the ab-
sence of calcium wrap around each other forming a compact
globular protein [2]. In this compact state, gelsolin’s actin
binding sites primarily residing in G1, G2, G4 and G6 [3–5]
are inaccessible. Gelsolin becomes activated in the presence
of calcium, by both inter and intra-domain movement through
a poorly understood mechanism that results in the F-actin
binding region in G2 making the initial contact with the actin
ﬁlament. Although gelsolin is opened by 0.1–1 lM calcium [6–
8], the actin:gelsolin complex is only stable exceeding 30 lM
calcium [8]. It is now known that gelsolin has many bindingAbbreviations: G1–6, the six repeated domains that comprise gelsolin;
FITC, ﬂuoroscein 5-isothiocyanate
q Throughout this publication we adopt the labeling system used by
Choe and coworkers [14] for the diﬀerent types of calcium binding
sites. For example, IG1 is a type I binding site within G1 and IIG6 is
the type II site within G6. A type I site is that which is coordinated
both by gelsolin and actin residues while type II sites are solely
coordinated by those of gelsolin.
*Corresponding author. Fax: +33 0467144927.
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doi:10.1016/j.febslet.2007.01.031partners other than actin [9–12] and because these interactions
are often, calcium dependent, these too may involve a similar
calcium activation of gelsolin. Two types of calcium binding
sites have been identiﬁed in gelsolin. Type I sites are those that
are coordinated by residues from both actin and gelsolin [13],
while type II are coordinated solely by gelsolin [14]. Structural
data [2,14,15] suggests that a calcium binding site exists within
each of the six gelsolin domains and so when bound by actin,
gelsolin is expected to bind as many as eight calcium ions (two
type Is with actin and G1 [13] and G4 [16], and six type II from
each of the domains). However when bound by actin the G2
domain does not bind calcium [2,17], so that gelsolin binds a
maximum seven calcium ions at any one time. The aﬃnities
of these sites are known to vary signiﬁcantly and there is evi-
dence to suggest that these calcium sites communicate with
each other [18] and act cooperatively [19]. To date it has not
been possible to assign particular calcium binding sites within
the gelsolin molecule to a particular value for calcium aﬃnity.
Here we look at the N-terminal half in particular and begin
this process. We ﬁnd evidence for three type II sites with var-
ious aﬃnities and ascribe a Kd of 5–7 lM to IIG3, and ﬁgures
of 2 mM and for 0.1 lM for IIG1 and IIG2, respectively.
The calciumdependent binding of the ‘‘latch’’, a helical region
at the C-terminus of gelsolin to G2 is a key event in the activa-
tion of the protein and we showed that the isolated domain G2
was able to interact with the regulatory gelsolin domain (G4–6)
in the presence of calciumwhereas the presence of EGTAweak-
ens this association [18]. However, we now report that G1–3
only weakly interacts with G4–6 in the absence or presence of
calcium meaning that once separated, the G4–6 half cannot in-
hibit G1–3 severing. It is believed that the cleavage of gelsolin in
the linker that separates the two halves (between G3 andG4) by
proteases permits the calcium independency ofG1–3 severing of
actin ﬁlaments to prosecute part of the apoptosis program [20]
in agreement with this ﬁnding.2. Materials and methods
2.1. Proteins
Gelsolin was produced in E. coli (BL21 de3) carrying a cDNA
encoding human gelsolin in the pMW172 plasmid as previously de-
scribed [21]. We have deﬁned the limits of the various gelsolin domainsblished by Elsevier B.V. All rights reserved.
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E. coli. G1–3 was produced in E. coli BL21(de3) cells and was isolated
from the soluble phase as previously described [23]. G1–2 and G1–3
were dansylated with N-iodoacetyl-N-(sulpho-1-naphthyl)-ethylenedi-
amine as previously described [24]. Labeling ratios (1.6 and 0.6 mol/
mol for G1,3 and G1–2, respectively) were determined using extinction
coeﬃcients of 6200 M1 cm1 at 335 nm. G4–6 was produced in E. coli
BL21(de3) and puriﬁed from inclusion bodies [25] and was labeled with
ﬂuoroscein 5-isothiocyanate (FITC) and separated from unreacted dye
by gel ﬁltration.
Actin was made from rabbit skeletal muscle acetone powder as pre-
viously described [26] and labeled with pyrenyl iodoacetamide [27].Fig. 1. Fluorescence of G1–2 tryptophans were monitored versus pCa
concentrations showing two calcium sites with apparent Kd of about
2 mM and 0.1 lM and attributed to G1 and G2, respectively. Inset:
Eﬀect of calcium on tryptophan ﬂuorescence in G1–2 max wavelength
(red shift) is plotted versus pCa. Experiment was performed in 0.1 M
Tris buﬀer pH 7.5.
32.2. Analytical methods
Protein concentrations were determined by spectrophotometer [28]
using values of A280 nm (1 cm
1) = 30.3 lm for G1–2, 21.0 lm for
G1–3, and 15.5 lm for G4–6. Free calcium concentrations in the cal-
cium-EGTA buﬀer system were measured experimentally by ﬂuorime-
try using the calcium reporting ﬂuorescent dye indo1 [29]. Aliquots of
calcium (0.1 M solution) were added successively to gelsolin fragment
in 0.1 M Tris buﬀer pH 7.5 in the presence of 0.1 mM EGTA. Changes
in ﬂuorescence intensities are plotted versus free calcium concentration
expressed as pCa = log(1/[Ca
2+]).
The location of the dansylated cysteine in the gelsolin G1–3 domain
was determined by protein sequencing. The tryptic digestion of dansy-
lated G1–3 domain was performed in 0.1 M ammonium bicarbonate
buﬀer pH 8 in a ratio of 1:50 w/w. Resulting peptides were isolated
by reverse phase HPLC on a C8 column (2 · 100 mm) eluted by an
acetonitrile gradient in 0.1% triﬂuoroacetic. The main ﬂuorescent pep-
tide derivative was eluted at 31% acetonitrile then sequenced on a Pro-
cise sequencer (492 Protein Sequencer, Applied Biosystems) using the
manufacturer’s pulsed liquid program. The N-terminal sequence was
determined to be SEDXFIL, corresponding to tryptic peptide 328–
338 (where X is the altered cysteine).806040200
1
2
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F ˚
/F
Fig. 2. Fluorescence quenching of tryptophan by acrylamide (Stern–
Volmer representation) for G1–2 with EGTA (empty squares) or Ca2+
(full squares) and G1–3 with EGTA (empty circles) or Ca2+ (full
circles). Showing exposure of some tryptophans by calcium induced by
structural changes in 0.1 M Tris buﬀer pH 7.5.2.3. Fluorescence measurements
Fluorescence was measured with an LS-50 Perkin–Elmer lumines-
cence spectrometer. Fluorescence of native tryptophan residues was
measured at an excitation wavelength of 280 nm. Fluorescence of
dansylated proteins was measured at an excitation of 340 nm. The col-
lisional quenching of tryptophan ﬂuorescence with acrylamide was
carried out as previously described [22] using the Stern–Volmer rela-
tionship. F0 and F are the ﬂuorescence measured in the presence and
the absence respectively of the quencher. A small tryptophan peptide
(21 amino acids, 355–375 sequence of rabbit skeletal actin) used as
control (the Stern–Volmer constant (Kd) of which is 0.060 lM
1).
The number of binding sites and the aﬃnity constant Ka were deter-
mined by plotting 1/(1  X) against C/X · E as previously described
[9,30]. The intercept on the X axis gives the number of binding sites
and the gradient, the Ka. C is the concentration of G1–2, E is the ﬁxed
concentration of G4–6 and where X is the relative ﬂuorescence change
(A/Amax). The dissociation constants Kd were also determined by using
the equation previously described in [31].3. Results
3.1. Calcium dependent conformational changes in G1–2
Conformation changes induced by calcium were measured
by changes in the intrinsic ﬂuorescence of tryptophan. A large
increase in ﬂuorescence (up to 40%) accompanied by a red shift
of about 15 nm was associated with calcium binding to G1–2
(Fig. 1) in agreement with previous reports [32]. When calcium
concentrations were varied between 10 nM and 2 mM the in-
crease in tryptophan ﬂuorescence presents a biphasic relation-
ship (Fig. 1). Two transitions were observed; one centred
around 2 mM, the other in the 0.1 lM calcium range. These
transitions reﬂected change in G1 and G2 conformation upon
calcium binding and indicate the Kd values of the sites for cal-
cium ions.The accessibility of tryptophan residues in the presence of
EGTA compared with calcium was tested by acrylamide
quenching experiments. The results (Fig. 2) show that the try-
ptophans of G1–2 domains are less shielded from the solvent
in calcium than in EGTA since the Kd (0.0045 lM
1) is less
in the presence of calcium, than the absence (Kd =
0.0071 lM1).
3.2. Calcium dependent conformational changes in G1–3
Similar tryptophan ﬂuorescence experiments were per-
formed with the larger fragment G1–3, producing diﬀerent
results (Fig. 3). We observed a small (about 10%) enhancement
of tryptophan in G1–3 in the presence of calcium with an
important contribution from G3 tryptophans as G1–3 give
about twice the ﬂuorescence than G1–2 at a same concentra-
tion. Three transitions are distinguishable (Fig. 3), correlating
with sites with aﬃnities in the 0.1 lM range as for G1–2. Two
others corresponded to pCa of about 7 lM and 2 mM, respec-
Fig. 3. Fluorescence of G1–3 tryptophans in 0.1 M Tris buﬀer pH 7.5
is monitored versus calcium concentrations expressed in pCa showing
three calcium sites can be observed but the weak changes in
ﬂuorescence excluded quantitative determination. Three transitions
are evident at 2 mM, 7 lM and in the 0.1 lM range.
Fig. 4. Increasing concentrations of G1–2 were added to FITC labeled
G4–6 (80 nM) in the presence of 1 mM Ca2+, 0.1 M Tris buﬀer pH 7.5,
and the ﬂuorescence decrease is monitored versus fragment concen-
tration (full circles) or in the presence of 1 mM EGTA (empty circles).
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Fig. 5. Determination of the stoichiometry for G1–2:G4–6 interaction
(number of sites) with (full circles) or without calcium (empty circles)
in 0.1 M Tris buﬀer pH 7.5. Various concentrations of G1–2 were
added to a ﬁxed concentration of G4–6 as in Fig. 4.
Fig. 6A. Fluorescence of dansylated G1–3 in the presence of EGTA
(continuous line) or calcium (broken line) in 0.1 M Tris buﬀer pH 7.5.
Excitation at 230 nm corresponding to tryptophan. The corresponding
ﬂuorescence of non-labelled G1–3 at the same wavelength gave a very
large emission at 330 nm in contrast with the present experiment.
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main possesses a calcium site with diﬀerent aﬃnities.The modest changes in tryptophan ﬂuorescence suggest that
the environment of the tryptophans are diﬀerent as is the case
for G1–2, but two additional, relatively accessible tryptophans
occur in G3 in agreement with the structural data [16].
Quenching experiments with acrylamide (Fig. 2) show more
exposed tryptophan in the later case although in presence of
EGTA (Kd = 0.020 lM
1) as well as a unshielding from the
solvent in the presence of calcium (Kd = 0.027 lM
1). Further-
more, the large ﬂuorescence energy transfer that occurs within
the domains between tryptophans and dansylated cysteines is
also decreased in the presence of calcium probably because
there is an increase in distance between these residues through
structural rearrangements (Fig. 6A). Thus the isolated G1–3
fragment, like the G4–6 produces conformational changes to-
wards a less compact form in the presence of calcium.
In order to monitor the conformational changes within the
G1–3 fragment, the protein was labeled with IAEDANS on
cysteine residues. There are cysteines located in each of the
three domains, but we found through protein sequencing, that
essentially only the G3 domain within G1–3 was labeled (see
Section 2). The emission spectrum of the dansyl ﬂuorophore
was recorded as the concentration of calcium was varied and
a decrease in ﬂuorescence was observed (Fig. 6B). Analysis
of this experiment revealed one major transition and the pCa
corresponds to a Kd of about 5 lM. In contrast the ﬂuores-
cence of dansylated G1–2 appears to be calcium insensitive.
3.3. Interaction of N-terminal fragments with the G4–6 domain
In the crystallographic model of gelsolin in its closed form,
there are interactions between G2 and G6, and between G1
and G4. In a previous study [18] we showed that the interac-
tion of the isolated G2 fragment with FITC labeled G4–6
induced an increase in ﬂuorescence of the ﬂuorophore, which
Fig. 6B. Fluorescence of dansylated G1–3 in 0.1 M Tris buﬀer pH 7.5,
is monitored versus calcium concentrations expressed in pCa. A
transition is evident corresponding to a Kd of 5 lM.
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binding of G1–2 or G1–3 on ﬂuorescence of FITC labeled G4–
6. The interaction of G1–2 with G4–6 leads to a ﬂuorescence
decrease (rather than an increase we found with G2), indicat-
ing important diﬀerences between the two complexes
(Fig. 4). In contrast the interaction of G1–3 in the same exper-
imental condition does not induce signiﬁcant changes in the
ﬂuorescence of FITC, suggesting some inﬂuence of the G3 do-
main in these interactions and in the structure of the G1 and or
G2 domains. The eﬀect of calcium on these interactions was
then tested. For G1–2, experiments were conducted with cal-
cium (1 mM) or EGTA (1 mM). Increasing concentrations of
G1–2 were added and the decrease in ﬂuorescence recorded.
Saturation curves were observed (Fig. 4), and in the presence
of EGTA or calcium and apparent Kd of 220 nM and 80 nMFig. 7. Increasing concentrations of G4–6 in 0.1 M Tris buﬀer pH 7.5
were added to dansylated G1–3 (125 nM) in the presence of 1 mM
EGTA and the ﬂuorescence decrease is monitored versus fragment
concentration. An apparent Kd of 1 lM can be determined. Similar
results are obtained in the presence of calcium (data not shown). Inset:
eﬀect of G4–6 on the actin nucleation induced by G1–3. 7 lM pyrenyl-
labeled G-actin [27] in 0.5 mM CaCl2, 0.1 mM ATP, 10 mM Tris buﬀer
pH 7.5 were incubated with equimolecular concentrations of G1–3 and
G4–6 (0.7 lM) and polymerization induced by 0.1 M KCl and 2 mM
MgCl2. Fluorescence was monitored versus time. Similar results are
obtained for the complex G1–2 G4–6 (data not shown).respectively were determined and we determined that the stoi-
chiometry was 1 mol G1–2 per mol G4–6 in both cases (Fig. 5)
conﬁrming the speciﬁcity of these interactions. The maximum
quenching of the FITC signal was similar in the two cases 10%
and 15% in EGTA and calcium respectively.3.4. Interaction of the G1–3 and G4–6 domains and the eﬀect on
actin nucleation
Dansylated G1–3 was used to monitor the interaction with
G4–6 (Fig. 7). A calcium insensitive interaction was measured
with a Kd of 1 lM. In accordance with this weak interaction no
eﬀect of G4–6 was seen on the rate of actin nucleation by G1–3
(Fig. 7 inset).4. Discussion
Major structural changes occur as gelsolin binds calcium.
The protein decreases its sedimentation coeﬃcient [33], dou-
bles its hydrodynamic volume [34], and changes its susceptibil-
ity to proteolysis at various sites [8]. All these changes indicate
a general unfolding of gelsolin from a compact to a more open
conﬁguration. The unfolding allows actin-binding sites to
become available which cooperate to sever actin ﬁlaments
[13,17,35]. Maximal actin binding function and therefore max-
imal gelsolin activation occurs at high calcium levels [8]
whereas the separation of G2 from the latch helix of G6
requires only modest calcium concentration [6] and so it is
expected that more calcium sites are involved in the full activa-
tion. High aﬃnity sites are reported to exist within G2 [32] and
G5–6 [3]. Several studies suggest the presence of low aﬃnity
calcium binding sites [36,37] and occupancy of these is sug-
gested to be important for full activation by the levels of cal-
cium required achieving this state.
Attention on the calcium control of gelsolin has focused on
the C terminus as the N terminus is Ca2+ insensitive with
regard to severing actin ﬁlaments [38,39] and that it is within
the C-terminal half (G4–6) that the major structural changes
in gelsolin take place [40]. However others have found a subtle
eﬀect of calcium on N-terminal severing [39] and have detected
changes in conformation in G1–3 as we have. Recent struc-
tural data [17] reveals that there is a rearrangement within
G1–3 upon binding actin, and this may explain the diﬀerences
in cysteine reactivity that we have observed between G1–2 and
G1–3.
We report that three calcium binding sites exist within G1–3
with aﬃnities of 2 mM, 5 lM and 0.1 lM which we attribute
to G1, G3 and G2, respectively. Pope and coworkers [6] re-
ported that 1.4 calcium ions were bound within G1–3 with
an aﬃnity of 0.2 lM by equilibrium dialysis in reasonable
agreement with our work since they would not expect to detect
the 1 mM site by this method. Selden and coworkers [39] also
reported calcium induced changes in G1–3 in the micromolar
range. The low aﬃnity site is in agreement with previous work
[37] 4.5 lM for the higher aﬃnity site. These are in agreement
with others [35] who reported two transients in tryptophan
ﬂuorescence at 0.05 lM and 6 lM in whole gelsolin. We have
attributed the mM binding site to IIG1 in accord with the
observation that this site is readily exchangeable [15].
While the aﬃnity of IIG1 seems consistent with the existing
literature and within this report (Table 1), the value we ob-
Table 1
Calcium binding sites on Gelsolin’s N-terminal subdomains
Ca2+ site Context Kd for Ca
2+ Method Reference
IIG1 G1–2 2 mM Tryp ﬂuor This study
IIG1 G1–3 2 mM Tryp ﬂuor This study
IIG1 G1 0.6 mM Protein stability [32]
IIG2 G2a 0.7 lM Calorimetry [42]
IIG2 G2 15 lM Tryp ﬂuor [18]
IIG2 G2 32 lM Protein stability [32]
IIG2 G1–2 0.1 lM Tryp ﬂuor This study
G1–3 0.1 lM Tryp ﬂuor This study
IIG3 G1–3 5 lM Dansyl probe This study
IIG3 G1–3 7 lM Tryp ﬂuor This study
aThe G2 construct used in this study [42] included an additional 16 aminoacids at the C-terminus and so is not directly comparable to the other
studies.
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cantly higher than that previously measured for the isolated
G2 domain alone, both by our previous work [18] and others
[32]. However, it is known that G2 is unstable in isolation
[32] especially in the absence of an intramolecular disulphide
bond, and it is possible that the presence of the other domains
is necessary for its native folding as G2 undergoes large con-
formational changes that are dependent on both calcium [18]
and pH [31]. Taken together it seems likely that the higher
aﬃnity value is correct for the IIG2 site within the context
of the G1–3 fragment and by extrapolation, the whole protein.
This higher aﬃnity for IIG2 now places it close to IIG6 possi-
bly meaning that IIG2 is equally important in the initial open-
ing of gelsolin through the release of the G6 latch as we have
already shown that IIG2 and IIG6 co-operate [18]. The inter-
mediate sites in G3 and G4 may be involved in the relative
movements between the domains that occur during gelsolin
activation which involves much more than just the dissocia-
tions of G2 from G6.
Gelsolin is unusual in that it must operate in the plasmawhere
calcium levels are around 1 mM and also in the cell where rest-
ing levels are three orders ofmagnitude lower! It is likely that the
low aﬃnity sites of gelsolin are not occupied in fully activated
cytoplasmic gelsolin but are expected to be in plasma. However,
it is also possible that the aﬃnity of these low aﬃnity sites be-
come switched to higher aﬃnity when other calcium sites be-
come occupied as cooperation between type II sites has been
recorded [18]. A number of structures are now available for gel-
solin [2,16] its various sub-domains [13,17] in the presence and
absence [41] of actin and calcium, yet what is still lacking is
structural data on the complete gelsolin molecule in the fully
activated state. Data is available for both G1–3 [17] and G4–6
[41] in the presence of calcium, but we know that the two halves
behave in a signiﬁcantly diﬀerent manner apart, than they must
together. We ﬁnd for example, that the two halves are not able
to bind together tightly as they are within the intact molecule. It
is known that in the presence of actin at least, the isolated N-ter-
minus undergoes gross inter-domain rearrangements [17] and
our data suggest that a similar rearrangement happens in the ab-
sence of actin and that these changes prevent the re-association
of the two gelsolin halves. It is possible that a repositioning of
G3 takes place within the G1–3 half and that G3 then prevents
the association with G4–6, as we have found that G1–2 can bind
to G4–6 in a calcium sensitive manner. Thus G3 may be impor-
tant in the release of a calcium insensitive microﬁlament sever-
ing agent after digestion with caspase-3 [20]. The fact thatG4–6 does not alter the nucleation properties of G1–3 supports
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